A large number of studies, experiments and practical test projects have been undertaken throughout the world to assess the modifications in the properties of concrete after addition of rubber aggregates. These rubber aggregates are used to replace fine or coarse aggregates in various proportions. This experimental investigation attempts to study the strength properties and non-destructive evaluation of rubberized concrete with coarse aggregates being partially replaced with rubber aggregates from recycled tyres, in order to assess its suitability for use in structural and non-structural components. Effort was also made to determine the change in thermal properties. It was learnt that the inclusion of rubber in concrete makes the material a better thermal insulator, having a lower coefficient of thermal conductivity. This lower thermal conductivity is a property which could be very useful for meeting energy conservation requirements. Attempt was also made to assess the impact resistance of rubberized concrete. A marked improvement in this property was also observed.
INTRODUCTION
Large amounts of used rubber tyres accumulate in the world each year; 275 million in the United States and about 180 million in the European Union. One of the most popular methods is to pile used tyres in landfills; as due to low density and poor degradation, they cannot be buried in landfills. These tyres can also be placed in a dump, or basically piled in a large hole in the ground. However, these dumps serve as a great breeding ground for mosquitoes, and due to the fact that mosquitoes are responsible for the spread of many diseases, this becomes a dangerous health hazard.
In industry, higher amounts of rubber tyre waste can be utilized as fuel, pigment soot in bitumen pastes, roof and floor covers and for paving industry. One such application that could use old rubber tyres is rubberized concrete. Concrete can be made cheaper by replacing some of its fine aggregates with granulated rubber crumbs from used rubber tyres. These granulated rubber crumbs are achieved through a process called continuous shredding, which is necessary to create crumbs small enough to replace an aggregate as fine as sand. Such kind of concrete is used to manufacture reinforced pavement and bridge structures having better resistance to frost and ice thawing salts. The replacement of aggregates with granulated rubber waste deteriorates mechanical properties of concrete.
-146 -The decrease of compressive strength of concrete after modification with rubber waste is explained by the more elastic and softer rubber particles compared to the coarse aggregates. The second reason for concrete compressive strength reduction is significantly lower compressive strength of the crumbed rubber aggregates compared to the strength of concrete aggregates. Deterioration of the mechanical properties of concrete with rubber additives is also explained by low adhesion among the rubber particles and cement matrix. However, as it is observed, there is a strong adhesion of contact zone between the rubber particles and cement matrix; therefore, this presumption should be rejected. Most compressive strength reduction was observed in concrete mixtures with 20% waste additives. Using rubber waste in concrete, the density of the concrete is reduced. This is directly related to the strength of the concrete. If the strength is less, the concrete modulus of elasticity will reduce. The larger the amount of rubber aggregates added to concrete, the less modulus of elasticity is obtained.
Rubber aggregates are obtained by reduction of scrap tyres to aggregate sizes using two general processing technologies: mechanical grinding at ambient conditions (at ambient temperature) or cryogenic grinding (Nagdi, 1993) .
Mechanical grinding is the most common process. This method consists of using a variety of grinding techniques such as 'cracker mills' and 'granulators' to mechanically break down the rubber shreds into small sizes ranging from several centimetres to fractions of a centimetre. The steel bead and wire mesh in the tyres is magnetically separated from the crumb during the various stages of granulation, and sieve shakers separate the fiber in the tyres.
Cryogenic processing is performed at temperatures below the glass transition temperature. This is usually accomplished by freezing of scrap tyre rubber using liquid nitrogen. The cooled rubber is extremely brittle and is fed directly into a cooled closed loop hammermill/multi-state screener to be crushed into small particles with the fiber and steel removed in the same way as in mechanical grinding (Leyden, 1991) . The whole process takes place in the absence of oxygen, so surface oxidation is not a consideration. Because of the low temperature used in the process, the crumb rubber derived from the process is not altered in any way from the original material (Owen, 1998) . Eldin and Senouci (1993) argued that unlike mechanically processed rubber, the cryogenic process is an efficient means of obtaining rubber aggregates which are steel-and fabric-free, uniformly geometric in shape and finely ground (down to powder size).
Various types of rubber aggregates have been used in previous investigations. Ali et al. (1993) described various methods to process scrap tyres into rubber and presented typical comparisons between the chemical compositions of truck and car tyres. Rostami et al. (1993) and Topcu (1995) used buff rubber obtained by mechanical grinding of the tyre head, while Ali et al. (1993) , Eldin and Senouci (1993) and Khatib and Bayomy (1999) appear to have used rubber obtained from mechanical grinding of whole tyres. They also used smaller size rubber crumb obtained from cryogenic processes, which has a gradation close to that of typical sand. Eldin and Senouci (1993) used two types of coarse rubber aggregates (tyre chips); one type was long angular chips obtained by mechanical grinding (called Edger chips) and the other was round particles of 6mm size produced by cryogenic grinding (called Preston chips). However, none of the investigators have indicated the source of the rubber (i.e., truck or car tyres). According to Sherwood (1995) , the rubber source and grinding process can influence the amount of steel and textile fiber in the rubber as well as the shape and texture of the rubber, and ultimately the properties of rubberized concrete. The maximum size and grading of rubber aggregates used by various investigators varied considerably. Ali et al. (1993) used three gradings of rubber with a maximum size of less than 4.76mm and one type contained textile fiber. Topcu (1995) graded the rubber used in the investigation into 0-1 mm and 1-4 mm. Eldin and Senouci (1993) used coarse rubber aggregates and graded their rubber into three groups of 38, 25 and19 mm maximum sizes. They also used one grading passing a 2 mm sieve. Khatib and Bayomy (1999) graded the rubber based on the ASTM C 136 method. They indicated that it was not possible to determine the gradation curve for their tyre chips, as for normal aggregates, because they are elongated particles that range in size from about 10 to 50mm. No details of the size or shape of rubber aggregates were reported by Rostami et al. (1993) .
The density of the rubber aggregates reported in the previous studies varied. Eldin and Senouci (1993) reported that the unit weight of the rubber used varied between 800 and 960 kg/m 3 . Also, the specific gravity of rubber used in the different investigations varied widely; i.e., 0.65 (Topcu, 1995) , 0.80 (Rostami et al., 1993) , 1.06 to 1.09 (Ali et al., 1993 ) and 1.12 (Khatib and Bayomy, 1999) . Fattuhi and Clark (1996) suggested that the variations in specific gravity could be due to varying rubber quality and/or experimental errors.
According to Topcu and Avcular (1997) , the impact resistance of concrete increased when rubber aggregates were added to the mixture. It was argued that this increased resistance was derived from an increased ability of the material to absorb energy and insulate sound during impact (Eldin and Senouci, 1993; Topcu, 1995; Rad, 1976) . The increase was more pronounced in concrete samples containing larger-size rubber aggregates. It can be expected that acoustic testing would substantiate the applicability of rubberized concrete for sound barriers to reduce the effects of acoustic emissions (Tantala et al., 1996) . Wisconsin and Pennsylvania Departments of Transportation (DOTs) have studied the noiseabsorption properties of whole rubber tyres as sound barriers with moderate success (Tantala et al., 1996) . More research is required to study the sound insulation effects of rubberized concrete in buildings and other structures. The inclusion of rubber in concrete should also make the material a better thermal insulator, as suggested by Tantala et al. (1996) , which if demonstrated could be very useful for meeting energy conservation requirements. However, there are currently no projects reported in the literature which investigated this possibility. In addition, fire tests carried out by Topcu and Avcular (1997) indicated that the flammability of rubber in rubberized concrete mixtures was much reduced by the presence of cement and aggregates. Although more testing is needed, it is believed that the fire resistance of rubberized concrete is satisfactory. 
Figure (2): 10 mm rubber aggregate particles
The use of recycled rubber as full or partial replacement for the natural aggregates in concrete will therefore necessitate an investigation of the changes in the properties of the concrete, in both fresh and hardened states, and how this affects the potential applications of rubberized concrete.
The present investigation mainly concentrates on the non-destructive evaluation, impact resistance and thermal conductivity of the rubberized concrete. Concrete having compressive strength of 40 MPa was considered for the experimental study. From the literature, the strength of concrete decreases as the percentage of rubber increases. For this purpose, the concrete strength has been considered higher so that the minimum compressive strength (20 MPa) can be achieved by using rubber aggregates. This concrete can be used for the non-structural elements.
MATERIAL PROPERTIES
Ordinary Portland Cement (OPC) of grade 43 was used throughout the experimental investigation. Table  1 shows the physical properties of the cement sample. River sand of a specific gravity of 2.8 was used as fine aggregates. The sand was air-dried in the laboratory and sieve analysis was carried out with a 1000 gm sample. The grain size distribution curve is illustrated in Fig.1 .
The sample is in conformity with zone II and the fineness modulus is 3.16. 10 mm crushed gravel of 2.69 specific gravity of irregular shape from the same source was used. The coarse aggregates were air-dried in the laboratory and sieve analysis was carried out. The results of the sieve analysis are presented in Table 2 . 
RUBBER AGGREGATES
Coarse rubber aggregates (tyre chips from light passenger vehicles along with steel strands) of 10 mm maximum size were used in this investigation. The rubber aggregates were angular in shape with a specific gravity of 1.25 for chips containing steel strands. The rubber aggregates used were cut manually using a bench vice and a hack saw (Fig. 2) .The results of the sieve analysis are tabulated in Table 3 . 
MIX PREPARATION
Concrete without rubber aggregates was used as the control concrete. The water/cement ratio was kept constant at 0.48 throughout the experimental investigation. The mix design was 1:1.20:2.80. Two batches were made in which the 10mm coarse aggregates were replaced by rubber aggregates at 10% and 20% by volume of 10mm aggregates. No mineral or chemical admixtures were added and no special treatment was carried out on the rubber aggregates to modify their surface properties.
The rubber aggregates were first immersed in water for 24 hours until all rubber aggregates were fully saturated (both inside and surface wetted). The plain rubber aggregates were then taken to the Saturated Surface Dry (SSD) condition by spreading them in a thin layer on a wooden board and leaving them to airdry for 24 hours. In this condition, the rubber aggregates can absorb no more water without a film of water forming on the surface, thus requiring no alteration to the quantity of mixing water (Murdock et al., 1991) . All mixtures were mixed in a conventional blade-type mixer. Mixing procedures were the same for all of the concrete mixes. As for the rubberized concrete mixtures, the coarse and fine aggregates and cement were loaded in the mixer prior to the addition of rubber aggregates and mixed for 3-5 minutes. Rubber aggregates were then added gradually to the mix for a period of 2 minutes to allow the rubber aggregates to mix thoroughly. Water was then added gradually to the mix for a period of 2 minutes, followed by mixing for 5 minutes to produce a uniform mix.
CASTING OF SAMPLES
Standard 100 mm cube specimens were prepared for the purpose of compression test, the rebound hammer test, the ultrasound test and the impact test. For the purpose of thermal conductivity test, plates of 8cm diameter and 1.5cm thickness were cast. Moulds were filled with fresh concrete in three layers and compacted using the standard tamping rod to drive out air trapped in the mix (Figs. 3, 4 and 5). The specimens were then demoulded 24 hours later and cured in a water tank in accordance with IS 456 and IS 567. 
COMPRESSIVE STRENGTH
The test results are summarized in Table 4 and presented in Fig. 6 . It can be observed that the 28 day strengths of the control concrete mix exceed the target strength. For rubberized concrete, the results show that the addition of rubber aggregates resulted in a significant reduction in concrete compressive strength compared with the control concrete. This reduction increased with increasing the percentage of rubber aggregates.
The compressive strength test samples for control and rubberized concrete are shown after testing in Fig.  7 for plain and rubber aggregates. A loss in compressive strength of 17.91% for 10% replacement by rubber aggregates and 47.76% for 20% replacement was observed. However, it can also be observed that the rubberized concrete does not exhibit typical compression failure behaviour. The presence of rubber aggregates tends to hold the sample fragments together at failure. This trend becomes more marked as the rubber content increases.
NON-DESTRUCTIVE EVALUATION OF CONCRETE
Non -destructive evaluation of concrete was performed by using rebound hammer and ultrasonic pulse velocity tests. The results of these tests are explained below. 
Rebound Hammer Test
The rebound hammer test was carried out in accordance with IS 13311 (Part 2): 1992. The test setup is shown in Fig. 8 and the test can provide a fairly accurate estimate of concrete compressive strength.
The cube specimens were tested as per the standard procedure and the test data is tabulated in 
Compressive Strength in Mpa
Percentage of Rubber 
Ultrasonic Pulse Velocity (UPV) Testing
Ultrasonic Pulse Velocity (UPV) testing of concrete (Fig. 10 setup) is based on the pulse velocity method to provide information on the uniformity of concrete, cavities, cracks and defects. The pulse velocity in a material depends on its density and its elastic properties which in turn are related to the quality and the compressive strength of the concrete. It is therefore Table 6 gives the ultrasonic pulse velocities of rubberized concrete, and Fig. 11 represents the ultrasonic pulse velocity variation, while Fig. 12 shows the time of travel of ultrasonic pulse velocity. The ultrasonic pulse velocity test results show that the strength of concrete reduces as the percentage of rubber aggregates is increased with the average velocity reducing from 4746 m/sec to 4028 m/sec.
It is evident from the test results that adding rubber aggregates into Ordinary Portland Cement concrete has a marked effect on the strength properties of the concrete, specifically a significant reduction in the compressive strength. Losses of up to 17.91% for 10% rubber aggregate replacement and 47.76% for 20% rubber aggregate replacement were observed in the compressive strength. The hammer rebound and ultrasonic pulse velocity tests further confirm that the rubberized concrete specimens, although being sound and of good quality, have a reduced strength when compared to the control concrete.
IMPACT RESISTANCE OF RUBBERIZED CONCRETE
This test aims to investigate the impact resistance of concrete with different percentage replacement of rubber aggregates; i.e., 10% and 20%. The lowvelocity impact test was conducted by the method of repeated falling mass, where a 1.811kg steel ball was used. The ball was allowed to fall freely from a height of 1.95m on concrete cubes of 100x100x100mm to deliver the impact .The numbers of blows that caused first crack and final crack were determined. This data was then used to calculate the total fracture energy.
Apparatus and Test Procedure
The concrete cubes at the age of 28 days were tested under low velocity impact load. A steel ball of 1.811 kg mass and 55 mm diameter was used for this test. The ball was freely dropped from 1.95 m height. The test rig used for this test was locally fabricated (Fig. 13) and consists of the following main components:
A steel frame: holding the concrete cube rigidly during impact loading.
A tube of a round section: representing the vertical guide for the falling mass to ensure mid-span impact.
A steel ball of 1.811 kg (Fig. 13 ).
Low Velocity Impact Test Results
The impact resistance of concrete cubes was determined in terms of the number of blows required to cause complete failure of the cubes. The ball of 1.811 kg mass was repeatedly dropped from 1.95m height up to the failure of cubes. Three sets of number of blows were recorded depending on the mode of failure at first crack and at failure (Fig. 15) . Total fracture energy (Fig.14) here is the product of the height of the drop and the weight of the dropped mass by the number of blows to failure. The results of low velocity impact tests of all mixes at the age of 28 days are presented in Table 7 . The results for total fracture energy are tabulated in Table 8 . It can be seen that there is a significant improvement in the low-velocity impact resistance for all the mixes containing rubber aggregates over the reference mix.
-158 -The results of the low velocity impact test exhibit an increase in the low velocity impact resistance of rubberized concrete of 33% and 78% for 10% and 20% replacement with rubber aggregates, respectively. 
THERMAL CONDUCTIVITY
There is a number of possibilities to measure thermal conductivity, each of which is suitable for a limited range of materials, depending on the thermal properties and the medium temperature.
Instruments to Measure Thermal Conductivity
There are four main types of instruments available to measure thermal conductivity: 
Guarded Hot Plate
A solid sample of material is placed between two plates. One plate is heated and the other is cooled or heated to lesser extent. Temperature of the plates is monitored until it is constant. The steady state temperature, the thickness of the sample and the heat input to the hot plate are used to calculate thermal conductivity. The scheme of guarded hot plate is shown in Figs. 16 and 17.
TEST RESULTS OF THERMAL
CONDUCTIVITY TEST Thermal conductivity (k) was calculated as described in the following formula: Tables 9 to 11 . The results (Fig. 18 ) exhibit a clear decrease in the thermal conductivity of rubberized concrete in comparison to normal concrete. The decrease in thermal conductivity is directly proportional to the percentage of rubber aggregates. These results indicate that rubberized concrete has better thermal insulation properties when compared to normal concrete.
Regression analysis has been performed to know the relation between compressive strength of concrete and the NDT tests. Figures 19, 20 
4
The above relations can be used for predicting both destructive and non-destructive strengths of rubberized concrete.
CONCLUSIONS
In general, rubberized concrete mixes did not pose any difficulties in terms of finishing, casting or placement and can be finished close to the same standard as plain concrete. However, increasing the rubber aggregates content reduces the workability of the mix and more effort is required to smooth the finish surface.  The results of the present investigation and previous investigations show clearly that the use of rubber aggregates in OPC concrete mixes produces a marked reduction in concrete compressive strength. Compressive strength of the concrete has been reduced by 17.91% and 47.76% for 10% and 20% of rubber used in concrete, respectively, by using destructive testing.
 From the impact test, the total energy absorbed by the rubberized concrete is 78% (20% rubber) more when compared with normal concrete.  Thermal conductivity of the rubberized concrete is 43% (20% rubber) less than that of normal concrete based on the central heater. Based on the guard heater, thermal conductivity of the rubberized concrete is 83% (20% rubber) less than that of normal concrete. Based on these results, rubberized concrete can be used as a thermal insulator.  The relation between destructive and nondestructive tests has developed in the present experimental investigation for rubberized concrete. If the amount of rubber in the concrete is limited, a normal strength concrete can still be produced with potential uses in non-primary structural applications. However, there is a potential for producing materials and products with enhanced properties, such as improved low velocity impact resistance, lower thermal conductivity and reduced weight. The low velocity impact test results indicate the enhanced impact absorbing capacity of rubberized concrete, thereby making it useful in applications like industrial flooring, road dividers and collision barriers. The decrease in thermal conductivity of rubberized concrete as shown by the thermal conductivity test makes it suitable for applications like hollow blocks for framed structures. This can be used in green buildings, thereby contributing to a healthier environment and lower power consumption for air conditioning.
